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I .  I N T R O D U C l  I O N  
The s u p e r a l l o y s  a r e  c r i t i c a l  t o  t h e  economic s u r v i v a l  o f  t h e  U n i t e d  
S t a t e s '  aerospace i n d u s t r y .  Therefore i t  i s  i m p e r a t i v e  t h a t  t h e  raw m a t e r i a l  
resources t h a t  a r e  r e q u i r e d  f o r  s u p e r a l l o y  p r o d u c t i o n  a r e  r e a d i l y  a v a i l a b l e  t o  
U.S. producers.  Dur ing  t h e  i n i t i a l  years o f  s u p e r a l l o y  development resources 
f o r  i r o n ,  n i c k e l ,  and t o  some e x t e n t  chromium were a v a i l a b l e  w i t h i n  t h e  U.S. 
o r  f r o m  n e i g h b o r i n g  c o u n t r i e s  such as Canada and Cuba. However, i n  more r e c e n t  
years s u p e r a l l o y  cornposi t ions have become more complex r e q u i r i n g  10 o r  more 
d i f f e r e n t  elements i n  a s i n g l e  a l l o y ;  env i ronmenta l  r e s t r i c t i o n s  and l a b o r  
c o s t s  have pushed sources o f f - sho re ;  and p o l i t i c a l  and m i l i t a r y  changes have 
made once dependent c o u n t r i e s  f o r  resources u n r e l i a b l e  o r  even n o n e x i s t e n t .  
Because o f  these changes i n  t h e  wor ld  economy, s u p e r a l l o y  producers have had 
L n  t o  assu re  r e l i a b l e  s u p p l i e s  o f  imported m a t e r i a l s  o r  i n  t h e  even t  o f  a l a c k  o f  
a v a l l a b i l l t y  o f  t h e  a l l o y i n g  elements r e q u i r e d  i n  c u r r e n t  s u p e r a l l o y s ,  an 
a l t e r n a t i v e  a l l o y  would have t o  be a v a i l a b l e .  
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One approach t o  a l t e r n a t i v e  
a l l o y s  i s  t o  s u b s t i t u t e  r e a d i l y  a v a i l a b l e  elements f o r  t hose  a l l o y i n g  elements 
t h a t  a r e  impor ted  f o r  s u p e r a l l o y s .  Obv ious l y ,  t h i s  i s  n o t  a s imple s o l u t i o n  
s i n c e  n o t  o n l y  a r e  t h e  composi t ions o f  s u p e r a l l o y s  complex, b u t  a l s o  t h e i r  
m i c r o s t r u c t u r e s  which a r e  dependent upon a c r i t i c a l  ba lance  o f  a l l o y i n g  con- 
s t i t u e n t s ,  must be ma in ta ined  t o  achieve d e s i r e d  p r o p e r t i e s .  Because o f  s h o r t -  
ages o r  l i m i t e d  a v a i l a b i l i t y  o f  a l l o y i n g  elements over  t h e  years,  e .g. ,  c o b a l t  
I n  t h e  1950's ,  chromium i n  t h e  1970's,  and c o b a l t  and o t h e r  elements i n  t h e  
l a t e  1970 's  and e a r l y  1980's NASA Lewis Research Center under took a program t o  
address t h i s  c o n t i n u i n g  problem. 
i n  s u p e r a l l o y  development, d e f i n e  what i s  understood t o  be meant by t h e  t e r m  
s t r a t e g i c  m a t e r i a l s ,  summarize t h e  c u r r e n t  s t a t u s  o f  U.S. resources and 
r e s e r v e s ,  d i s c u s s  t h e  supply  sources and a v a i l a b i l i t y  o f  s t r a t e g i c  m a t e r i a l s ,  
Th is  chap te r  w i l l  r e v i e w  some o f  t h e  t r e n d s  
and f i n a l l y  c o n t e n t r a t e  on t h e  r e s u l t s  achieved f rom t h e  research  program 
under taken by NASA LewIs Research Center  named Conserva t i on  Of  S t r a t e g i c  
- Aerospace M a t e r i a l s  (COSAM), Stephens (1981) .  
11. S T R A T E G I C  MATERIALS 
The U n i t e d  Sta tes  has good s u p p l i e s  o f  such meta ls  as copper,  i r o n ,  and 
molybdenum; and s t a b l e / f r i e n d l y  f o r e i g n  c o u n t r i e s  a r e  sources f o r  o t h e r s  e.g. ,  
n i c k e l  (Canada), t i t a n i u m  ( A u s t r a l i a  f o r  r u t i l e ) ,  alumlnum (Jamaica, f o r  
b a u x i t e ) ,  and tungs ten  (Canada) Bureau o f  Mines (1986) .  However, by examin lng 
our  Impor t  dependence f o r  o t h e r  me ta l s  as shown I n  F i g .  1 i t  i s  apparent  t h a t  
we a r e  a "have n o t "  n a t i o n  f o r  many i m p o r t a n t  me ta l s .  O f  p a r t i c u l a r  concern 
I s  t h e  aerospace i n d u s t r y  s i n c e  i t  I s  h i g h l y  dependent on impor t s  f o r  seve ra l  
key meta ls  wh ich  are  cons idered t o  be s t r a t e g i c  m a t e r i a l s .  
d e f i n i t i o n  o f  s t r a t e g i c  m a t e r i a l s  f o r  t h i s  chap te r ,  t h e  f o l l o w i n g  I s  used: 
those p redomlna te l y  o r  who l l y - impor ted  elements con ta ined  i n  t h e  m e t a l l i c  
a l l o y s  used i n  aerospace components which a r e  e s s e n t i a l  t o  t h e  s t r a t e g i c  eco- 
nomic h e a l t h  o f  t h e  U.S. aerospace i n d u s t r y .  Two approaches were used t o  
I d e n t l f y  t h e  s t r a t e g i c  m a t e r l a l s  most c r i t i c a l  t o  t h e  aerospace i n d u s t r y .  One 
approach t o  o b t a l n i n g  a hand le  on t h e  most s t r a t e g i c  me ta l s  used i n  t h e  ae ro -  
space i n d u s t r y  was- t o  e s t a b l i s h  an i ndex  o f  s t r a t e g i c  me ta l  v u l n e r a b i l i t y .  
Such a s tudy  was dndertaken by S t a l k e r  e t  a l . ,  (1984) .  The index  d e s c r i b e d  18 
elements (aluminum, chromium, c o b a l t ,  copper,  go ld ,  i r o n ,  magnesium, manganese, 
molybdenum, n i c k e l ,  n iob ium, p la t i num,  rhenium, s i l v e r ,  tan ta lum,  t i t a n i u m ,  
tungs ten ,  and vanadium). Each meta l  was ranked 21 d i f f e r e n t  ways, such as 
impor tance i n  r e l a t i o n  t o  U . S .  needs i n  a peace economy and I n  a war economy, 
I n  r e l a t i o n  t o  U.S. rese rves ,  and i n  r e l a t i o n  t o  c o s t  i n  d o l l a r s  p e r  pound. 
Ana lys i s  o f  the d a t a  f rom t h i s  s tudy  shows t h a t  t h e  18 me ta l s  examined 
As  a work ing  
g e n e r a l l y  f a l l  I n  t h r e e  group ings .  The most s t r a t e g i c  elements have an Index  
o f  about  8 o r  g r e a t e r  on a s c a l e  f rom 1 t o  10 w i t h  10 b e i n g  t h e  most 
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s t r a t e g i c .  The mldgroup have numbers between about  5 and 8;  and t h e  l e a s t  
s t r a t e g i c  me ta l s  have i n d i c e s  lower  than 5 .  The breakdowns o f  t h e  18 me ta l s  
a r e  shown below: 
Most Leas t  
s t r a t e g i  c Mldqroup s t r a t e q i  c 
Ta V A1 
Cr Re c u  
P t  T i  Mo 
Nb W Mg 
Mn Ag Fe 
co N i  
Au 
I t  should be no ted  t h a t  a l t hough  t h e  r a n k i n g  above i s  i n  o r d e r  o f  decreas-  
i n g  i ndex  f o r  each o f  t h e  t h r e e  groups, t h e  a b s o l u t e  rank  w i t h i n  a group can be 
a l t e r e d  by u s i n g  o t h e r  d a t a  such as a more complete breakdown o f  resources  and 
reserves  ( t o  be d iscussed l a t e r ) ;  and p r i c e  v o l a t i l i t y  w i l l  a f f e c t  known eco- 
nomic rese rves  as w e l l  as t h e  we igh t i ng  f a c t o r s  used. Regard less,  i t  i s  
d o u b t f u l  t h a t  t h e  most s t r a t e g i c  l i s t  would change i n  compos i t ion .  Tab le  I 
summarizes t h e  o u t p u t  o f  t h e  s tudy  w l t h  d a t a  f rom a l l  21 c a t e g o r i e s  l i s t e d .  
The rank ings  p r e s e n t  t h e  peacetime and war t ime s i t u a t i o n s  based on such f a c t o r s  
as reserves ,  consumption, p r o d u c t i o n  cos t ,  r e c y c l a b i l i t y ,  and s u b j e c t i v e  j udg -  
ments r e g a r d i n g  t h e  l i k e l i h o o d  o f  a minera l  c a r t e l .  Cons ide ra t i on  o f  t h e  needs 
o f  a war t ime economy y i e l d e d  s l i g h t l y  d i f f e r e n t  normal ized  scores, b u t  w i t h  
ma jor  concern f o r  t h e  same s i x  elements. I n  a f u r t h e r  re f i nemen t ,  s u b j e c t i v e  
w e i g h t i n g  f a c t o r s  were a p p l i e d  t o  ge t  a s t i l l  more r e a l i s t i c  a p p r a i s a l .  
Weigh t ing  y i e l d e d  s i g n i f i c a n t  increases i n  impor tance f o r  manganese, copper ,  
and aluminum, and a decrease i n  go ld .  However, t h e  o v e r a l l  p i c t u r e  remained 
f a i r l y  much t h e  same. 
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A s  can be seen, each o f  t h e  most s t r a t e g i c  meta ls  has s p e c i a l  c a p a b i l i -  
t i e s ,  such t h a t  the U.S. economy w i l l  n o t  f u n c t i o n  w e l l  w i t h o u t  them. Un fo r tu -  
n a t e l y ,  t h e  Un i ted  S t a t e s  has a ve ry  l i m i t e d  rese rve  o f  each. I t  behooves us,  
t h e r e f o r e ,  t o  g i v e  a t t e n t i o n  t o  our  dependence on f o r e i g n  s u p p l i e s  f o r  these 
s t r a t e g i c  m a t e r i a l s .  Each element i s  s p e c i a l  and each r e q u i r e s  c a r e f u l  rev iew  
o f  i t s  r o l e ,  i n  our case, i n  s u p e r a l l o y s  i n  o rde r  t o  deve lop  s h o r t  range and 
l o n g  range p l a n s .  
The second approach t o  i d e n t i f y  t h e  most s t r a t e g i c  me ta l s  i n v o l v e d  meet- 
i n g s  w i t h  t h e  ASME Gas Tu rb ine  Tu rb ine  Panel i n  1979 and a survey o f  aerospace 
companies I n  1980 which l e d  t o  t h e  need t o  focus p r i m a r i l y  on t h e  a i r c r a f t  
engine i n d u s t r y .  Based on these and f u r t h e r  d i scuss ions  w i t h  s e v e r a l  a i r c r a f t  
eng ine  manufac turers ,  f o u r  elements emerged t h a t  were o f  p a r t i c u l a r  concern, 
Stephens (1981) .  The a l l o y s  used t o  b u i l d  t h e  c r i t i c a l  h i g h  tempera ture  compo- 
nents  f o r  a i r c r a f t  p r o p u l s l o n  systems r e q u i r e  t h e  use o f  t h e  t h r e e  r e f r a c t o r y  
meta ls  Cr, Ta, and Nb p l u s  a f o u r t h  s t r a t e g i c  me ta l ,  Co. These meta ls  a r e  con- 
t a i n e d  i n  s u p e r a l l o y s  whlch a r e  l o c a t e d  i n  engine compressors, t u r b i n e s ,  and 
combustors as I l l u s t r a t e d  i n  F i g .  2. These f o u r  elements a r e  among t h e  s i x  
elements h a v i n g  the h i g h e s t  s t r a t e g i c  l n d i c i e s  o f  t h e  18 meta ls  eva lua ted  by 
S t a l k e r  e t .  a l . ,  (-1984). Al though t h e  o t h e r  t w o  elements were cons idered a long  
w i t h  t h e  l e s s  s t r a t e g i c  me ta l s ,  I t  was dec ided t o  focus  on t h e  f o u r  a f o r e -  
ment’loned m e t a l s  i n  t h e  NASA COSAM Program. 
111. RESERVES AND RESOURCES 
I n  o r d e r  t o  have a t h r l v l n g  s u p e r a l l o y  i n d u s t r y  w i t h l n  t h e  U.S., i t  i s  
i m p e r a t i v e  t h a t  a r e a d i l y  a v a i l a b l e  supp ly  o f  t h e  a l l o y l n g  i n g r e d i e n t s  be 
a v a i l a b l e .  The I d e a l  s i t u a t i o n  i s  f o r  m i n i n g  companies w i t h i n  t h e  U.S.  t o  be 
t h e  p r imary  s u p p l i e r s  t o  t h e  a l l o y  p roducers .  U n f o r t u n a t e l y ,  t h e  U S .  i s  n o t  
b lessed w i t h  ample reserves  and resources  o f  some o f  t h e  r e q u i r e d  a l l o y i n g  e l e -  
ments i n  t o d a y ‘ s  s u p e r a l l o y s .  There fore ,  over  t h e  years t h e  U.S. has become 
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more and more dependent upon f o r e i g n  sources f o r  a number o f  s t r a t e g i c  mate- 
r l a l s .  I n  o r d e r  t o  p l a n  f o r  f u t u r e  aerospace m a t e r i a l s  needs, an assessment o f  
our  reserves  and resources  i s  r equ i red .  The p r i n c i p a l  d i s t i n c t i o n  between 
reserves  and resources  i s  t h a t  reserves a r e  based on c u r r e n t  economical a v a l l -  
a b i l i t y .  Reserves a r e  known, i d e n t i f l e d  d e p o s i t s  o f  m ine ra l -bea r  ng rock  f rom 
wh ich  t h e  m i n e r a l  o r  m i n e r a l s  can be e x t r a c t e d  p r o f i t a b l y  w i t h  e x  s t i n g  tech -  
n o l o g i e s  and under economic c o n d i t i o n s ;  whereas resources i n c l u d e  n o t  o n l y  
rese rves ,  b u t  a l s o  o t h e r  m i n e r a l  depos i t s  t h a t  may e v e n t u a l l y  become 
a v a i l a b l e - - e i t h e r  known d e p o s i t s  t h a t  a r e  n o t  economica l l y  o r  t e c h n o l o g i c a l l y  
r e c o v e r a b l e  a t  p resen t ,  o r  unknown depos i ts  t h a t  may be i n f e r r e d  t o  e x i s t ,  b u t  
have n o t  y e t  been d i scove red ,  B robs t  and Walden (1973) .  
Tab le  I1 summarizes t h e  es t imated  r e s e r v e  and resource  s t a t u s  o f  t h e  U.S.. 
f o r  t h e  18 me ta l s  d iscussed p r e v l o u s l y .  The U.S. i s  no ted  t o  rank  f i r s t  f o r  
rhenium and molybdenum and second f o r  s i l v e r  and copper. I n  comparison t h e  
USSR ranks  f i r s t  o r  second i n  s i x  and South A f r i c a  i n  f i v e .  The domest ic  U.S. 
p o s i t i o n  presented  i n  Tab le  I 1  i s  supported by f u r t h e r  i n f o r m a t i o n  t h a t  i n d i -  
ca tes  n e g l i g i b l e  rese rves  o f  chromium, c o b a l t ,  columbium, and t a n t a l u m  a long  
w i t h  manganese--al l  v i t a l  t o  t h e  aerospace and s t e e l  i n d u s t r i e s .  A l though t h e  
U . S .  does n o t  have rese rves  o f  a number o f  elements, i t  i s  s t i l l  a l e a d i n g  
producer  of t h e  me ta l s  as a r e s u l t  o f  i m p o r t i n g  t h e  m i n e r a l s  and c o n v e r t i n g  
them i n t o  me ta l s  and a l l o y s .  Tab le  111 shows t h e  U.S. r a n k i n g  f i r s t  o r  second 
i n  s i x  me ta l s :  aluminum, copper ,  magnesium, molybdenum, t i t a n i u m ,  and rhenium. 
The USSR ho lds  t h i s  f a v o r a b l e  p o s i t i o n  I n  n i n e  me ta l s :  i r o n ,  manganese, 
aluminum, magnesium, t i t a n i u m ,  tungsten,  vanadium, go ld ,  and p l a t i n u m .  One 
o t h e r  i m p o r t a n t  c o n s i d e r a t i o n  I s  t h e  domestic consumption and p r o d u c t i o n  o f  t h e  
me ta l s  needed f o r  our  economy. Table I V  g i v e s  a p i c t u r e  o f  t h i s  f a c t o r  f o r  t h e  
18 e lements.  I t  should be no ted  t h a t  f o r e i g n  purchases were r e q u i r e d  f o r  t h e  
f o u r  elements, Cr, Co, Nb, and Ta des lgnated as s t r a t e g i c  me ta l s  i n  t h e  COSAM 
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Program. Manganese also fell into this category. In contrast there is a good 
match-up for Fe, Al, Cu, Mg, Ti, V, and Re while Mo production greatly exceeds 
consumption. 
IV. THE SUPERALLOYS 
Superalloys are the major materials of construction for today's high- 
temperature gas turbine engines used for both commercial and military aircraft. 
Nickel base superalloys along with iron base and cobalt base superalloys are 
used throughout the engines in wrought, cast, powder metallurgy, and cast 
single crystal forms to meet the demands imposed by the aircraft industry. 
Nickel-base superalloys had their beginning about the turn of the century with 
the addition of 20 wt % Cr in an 80 wt % Ni alloy for electrical heating 
elements, Stephens et al., (1984). In the late 1920's, small amounts of alumi- 
num and titanium were added to the 1t80/20" Ni-Cr alloy with a significant gain 
In creep strength at elevated temperatures. It soon became apparent that iron 
and cobalt alloys would be more effectively strengthened by solid solution 
additions while nickel alloys were blessed with the ability to be strengthened 
by a coherent phase, y ' .  Concurrently with these additions, carbon present in 
the alloys was identified to have a strengthening effect when combined with 
other alloying elements to form M6C and M23C6 carbides. 
formers such as boron and zirconium were added to polycrystalline materlals t o  
hold the material together. In the early development time period (1926). 
Heraeus Vacuumschrnelze A.G. recelved a patent for a nickel-chromium alloy which 
contalned up to 15 wt "/. and 12 wt % Mo, thus introducing the refractory 
metals into superalloys. The purpose of the refractory metals additions was to 
ralse the yield point. By the 1930's there were two Fe-base "heat-resisting 
alloys" containing either W or Mo additions and the use o f  W and Mo was widely 
accepted in Co-base alloys. 
Other grain boundary 
Commerclal exploitation o f  Mo additions awaited the 
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introduction of Nlmonic 100 in 1955. In the early 1950's, the alloys being 
introduced In the United States, such as Waspaloy,' were alloys containing 
about 5 wt X Mo. Inconel 713C (a cast alloy) containing 2 wt 16 Nb was 
available in the late 1950's. The only commercially significant alloy to use 
vanadium is IN-100, which became available in about 1960. In the early 1960's, 
W and Ta were widely accepted for alloying in Ni-base alloys, Finally, the 
demonstration o f  the effectiveness o f  Re additions to Ni-base alloys occurred 
in the late 1960's. 
The original 20 wt X Cr level in superalloys was increased to 25 wt % or 
higher in some alloys to gain oxidation resistance, but because o f  its per- 
ceived deleterious effect on strength, it was reduced to as low as 10 wt % in 
favor of A1 for oxidation protection, Sims (1972). However, reducing chromium 
led to the onset of hot corrosion--enhanced oxidation resulting from sodium and 
sulphur in the fuel and exhaust gas stream. Ingestion of sea water spray into 
helicopter engines used in the Viet Nam war wrecked havoc In low-chromium tur- 
bine blades, leading to a reevaluation of the use of Cr In superalloys. 
The trend for increasing usage o f  refractory metals Is shown in Fig. 3 and 
Table V .  It is apparent that, on a weight basis, the refractory metal content 
of Ni-base alloys tended to steadily increase from the mid-1940's to about 
1980. On an atom basis, Fig. 3 (b) shows the use o f  refractory metals 
increased from 1 to about 6 ut x in less than a decade. With this increas- 
ing trend in the use of refractory metals in superalloys the concern for the 
availability of those that have been determined to be strategic In nature, Cr, 
Nb, and Ta becomes apparent. 
* 
Nimonic and Inconel are trade names 
'Waspaloy is a trade name of United 
of the International 
echnologles Corporat 
Nickel Company 
on. 
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Coba l t  I s  used i n  a v a r i e t y  o f  b o t h  Co-base and Ni-base s u p e r a l l o y s .  The 
l a r g e s t  usage I n  terms o f  pounds consumed, however I s  i n  Ni-base a l l o y s .  
Severa l  Ni -base and Co-base s u p e r a l l o y s  a r e  l i s t e d  i n  F i g .  4 which  shows t h e  
range o f  Co con ten t  i n  these a l l o y s .  I t  was t h e  sharp r i s e  i n  c o s t  o f  c o b a l t  
more than any o ther  f a c t o r  t h a t  b rough t  on t h e  need o f  t h e  COSAM Program. 
Coba l t  t h a t  was s e l l i n g  a t  around $5.50/1b i n  1977 inc reased  t o  over  $30 .00 / l b  
i n  1979 w i t h  spo t  p r i c e s  as h i g h  as $55.00/1b. A h i s t o r i c a l  ru le -o f - thumb has 
been t h a t  t h e  p r i c e  o f  c o b a l t  i s  t y p i c a l l y  h i g h e r  than t h a t  o f  n i c k e l  by a 
f a c t o r  o f  two t o  t h r e e  t imes .  I n  1980 t h a t  f a c t o r  was I n  excess o f  seven 
t imes.  P r i m a r i l y  because o f  t h e  s p i r a l i n g  c o s t  o f  c o b a l t ,  t h e  U n i t e d  S ta tes  
exper ienced a d e c l i n e  i n  c o b a l t  usage. F i g .  5 shows t h a t  20 m i l l i o n  l b  o f  
c o b a l t  were consumed i n  1978 and t h a t  I n  1980 usage was down t o  16  m i l l i o n  l b ,  
Stephens (1981) .  Dur ing  t h i s  same t i m e  p e r i o d  t h e  use o f  c o b a l t  t o  produce 
supera l l oys ,  p r i m a r i l y  f o r  a i r c r a f t  engines,  Inc reased f rom 4 m i l l i o n  l b  i n  
1978 t o  7 . 2  m i l l i o n  l b  i n  1980. T h i s  i n c r e a s e  i n  c o b a l t  usage i n  s u p e r a l l o y s  
can be a t t r i b u t e d  t o  t h e  i nc reased  o rde rs  o f  a i r c r a f t  over  t h i s  t i m e  p e r i o d .  
The a i r c r a f t  i n d u s t r y  i s  a ma jor  f a c t o r  on t h e  p o s i t i v e  s i d e  o f  t h e  U.S. b a l -  
ance o f  payments, thus  a h e a l t h y  a i r c r a f t  i n d u s t r y  I s  o f  u tmost  impor tance t o  
t h e  Un i ted  S ta tes .  Because o f  t h i s  t h e  COSAM Program as w e l l  as i n d u s t r y  
a c t l v i t i e s  were undertaken. 
Tab le  V I  p resents  a l i s t  o f  s e v e r a l  s u p e r a l l o y s  t h a t  have been used i n  
gas t u r b i n e  engines o r  a r e  emerging as p romis ing  rep lacements t o  g a i n  i nc reased  
o p e r a t i n g  temperatures and h i g h e r  e f f i c i e n c i e s  f o r  a i r c r a f t  o f  t h e  f u t u r e .  
These a l l o y s  a r e  used i n  a v a r i e t y  o f  forms and serve  a m u l t i t u d e  o f  needs i n  
gas t u r b i n e  engines such as t u r b i n e  b lades ,  vanes, and d i s k s ;  compressor compo- 
nents ;  and d u c t i n g  components. The n e x t  s e c t i o n  of t h i s  chap te r  w i l l  focus  on 
t h e  NASA COSAM Program and some of  t h e  t e c h n i c a l  accomplishments ach ieved f rom 
t h e  va r ious  research  e f f o r t s  t h a t  were under taken i n  t h e  program. 
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V .  COSAM PROGRAM SUMMARY 
The COSAM Program had t h r e e  genera l  o b j e c t i v e s  wh ich  were: ( 1 )  c o n t r i b u t e  
b a s i c  s c i e n t i f i c  Unders tand ing  t o  the t u r b i n e  eng ine  " techno logy  bank" so as t o  
m a i n t a i n  our  n a t i o n a l  s e c u r i t y  I n  poss ib le  t i m e s  o f  c o n s t r i c t i o n  o r  i n t e r r u p -  
t i o n  o f  our  s t r a t e g i c  m a t e r i a l  supply l i n e s ;  ( 2 )  h e l p  reduce t h e  dependence o f  
U n i t e d  S ta tes  m i l i t a r y  and c i v i l i a n  gas t u r b i n e  engines on d i s r u p t i v e  wor ld -  
wide s u p p l y / p r i c e  f l u c t u a t i o n s  i n  regard t o  s t r a t e g i c  m a t e r i a l s ;  and by these 
research  c o n t r i b u t i o n s ,  ( 3 )  h e l p  min imize  t h e  a c q u i s i t i o n  c o s t s  as w e l l  as 
o p t i m i z e  per formance o f  such engines so as t o  con t r ' i bu te  t o  t h e  U n i t e d  S ta tes  
p o s i t i o n  o f  preeminence i n  w o r l d  gas t u r b i n e  markets .  To ach ieve  these ob jec -  
t i v e s  a three-pronged approach was undertaken as shown i n  F i g .  6, Stephens 
(1981) .  I t  c o n s i s t e d  o f  research  on s t r a t e g i c  element s u b s t i t u t i o n ,  advanced 
p rocess ing  concepts,  and a l t e r n a t e  m a t e r i a l s .  The i n t e n t  was t o  ach ieve  con- 
s e r v a t i o n ,  as w e l l  as reduced dependence on s t r a t e g i c  me ta l s ,  i n  t h e  area o f  
s t r a t e g i c  element s u b s t i  u t i o n  by s y s t e m a t i c a l l y  examin ing t h e  e f f e c t s  of 
r e p l a c i n g  c o b a l t ,  columb um, and tan ta lum w i t h  l e s s  s t r a t e g i c  elements i n  
c u r r e n t ,  h i g h  use engine a l l o y s .  This would h e l p  gu ide  f u t u r e  m a t e r i a l  spec i -  
f i c a t i o n s  i f  one o r  more o f  these metals becomes I n  s h o r t  supp ly ,  and c r e a t e  a 
power fu l  base o f  unders tand ing  t h a t  w i l l  b e n e f i t  a l l  f u t u r e  advanced a l l o y  
development. Conserva t ion  th rough  advanced p rocess ing  concepts research  can be 
ach ieved by c r e a t i n g  t h e  means t o  use dua l  a l l o y s  and m u l t i p l e  a l l o y  t a i l o r e d -  
s t r u c t u r e s  t h a t  can m in im ize  s t r a t e g i c  m a t e r i a l  i n p u t  requ i rements - -use  them 
o n l y  where mandatory--and thus  l o w e r  t o t a l  usage. And i n  t h e  l onger  t e r m ,  t h e  
development ( h i g h e r  r i s k )  o f  a l t e r n a t e  m a t e r i a l s  t h a t  can r e p l a c e  m o s t  s t r a t -  
e g i c  me ta l s  w i t h  o t h e r s  r e a d i l y  ava7 lab le  i n  t h e  U . S .  c o u l d  l e a d  t o  a d ramat ic  
r e d u c t i o n  i n  t h e  U.S. dependence on f o r e i g n  sources.  Both  o f  t h e  l a t e r  two 
techno logy  areas w i l l  h e l p  conserve a l l  f o u r  s t r a t e g i c  m e t a l s :  Co, Ta, Nb, 
and Cr. 
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The v a r i o u s  e f f o r t s  o f  t h e  COSAM Program were conducted under t h e  o v e r a l l  
programmatic management o f  NASA Lewis Research Center .  Some o f  t h i s  work was 
conducted in-house a t  NASA Lewis.  I n  a d d i t i o n ,  c o o p e r a t i v e  programs i n v o l v i n g  
NASA Lewis work ing t o g e t h e r  w i t h  b o t h  i n d u s t r y  and u n i v e r s i t i e s  i n  t r i p a r t i e d  
p r o j e c t s  t o  o p t i m i z e  t h e  u t i l i z a t i o n  o f  t h e  e x p e r t i s e  a t  each o f  t h e  v a r i o u s  
o r g a n i z a t i o n s  and t o  seek s y n e r g i s t i c  r e s u l t s  f r o m  these combined e f f o r t s .  
Th i s  method of  research c o o p e r a t i o n  i s  d e p i c t e d  g raph lca  l y  i n  F i g .  7 .  T y p i c a l  
r o l e s  f o r  each o r g a n i z a t i o n  a r e  shown. These r o l e s ,  o f  ourse,  v a r i e d  f rom 
program-to-program. For  example, one p r o j e c t  can i n v o l v e  an i n d u s t r y  c o n t r a c t  
o r  a u n i v e r s i t y  g r a n t  t o  conduct  t h e  b u l k  o f  t h e  e f f o r t  w i t h  a range o f  
s u p p o r t i n g  c o n t r i b u t i o n s  f rom t h e  o t h e r  p a r t n e r s .  A l t e r n a t i v e l y ,  another  
p r o j e c t  may be conducted m a i n l y  in -house a t  NASA Lewis w i t h  a range o f  suppor t  
f r o m  i n d u s t r y  o r  a u n i v e r s i t y .  The subsequent sec t i ons  w i l l  p resen t  t h e  h i g h -  
l i g h t s  o f  r e s u l t s  ob ta ined  f rom t h e  program. 
A .  S u b s t i t u t i o n  
* 
1 .  C o b a l t  I n  Waspaloy and Udimet-700. Waspaloy, wh ich  c o n t a i n s  
13% Co, i s  used a s  i n  t u r b i n e  d i s k s  and because o f  t h i s  component's s i z e  and 
we igh t ,  a ma jor  p o r t i o n  o f  t h e  c o b a l t  consumed i n  gas t u r b i n e  engines i s  found 
I n  t h i s  a l l o y .  Udimet-700 c o n t a i n i n g  17% Co can be used f o r  b o t h  d i s k s  and 
b lades ,  depending on process ing  h i s t o r y  and heat  t r e a t m e n t .  
Resu l t s  on the e f f e c t s  o f  reduc ing  c o b a l t  i n  Waspaloy w e r e  r e p o r t e d  by 
Maurer e t  a l . ,  (1980) o f  Spec ia l  Meta ls  Corpo ra t i on .  
a r e  shown i n  F i g .  8. T e n s i l e  s t r e n g t h  decreases o n l y  s l i g h t l y  as t h e  amount o f  
c o b a l t  i n  t h e  a l l o y  decreases. However, r u p t u r e  l i f e  decreased s u b s t a n t i a l l y  
w i t h  decreas ing  amounts o f  c o b a l t  i n  Waspaloy. A summary o f  t h e  major  f i n d i n g s  
H i g h l i g h t s  o f  t h a t  s tudy  
* 
Udimet-700 i s  a tradename o f  S p e c i a l  Meta ls  C o r p o r a t i o n .  
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o f  t h i s  s tudy  I s  p resented  I n  F i g .  9. I n  a d d l t l o n  t o  t h e  s l i g h t  decrease i n  
amount o f  yl I n  t h e  a l l o y ,  t h e  major e f f e c t s  o f  removing c o b a l t  on mechanica l  
p r o p e r t i e s  were a t t r i b u t e d  t o  a p o s s i b l e  h l g h e r  s t a c k i n g  f a u l t  energy o f  t h e  
m a t r i x  and t o  changes i n  c a r b i d e  p a r t i t i o n i n g  i n  g r a i n  boundar ies .  
B a r r e t t  (1982)  examined t h e  e f f e c t  o f  c o b a l t  on t h e  o x l d a t l o n  r e s i s t a n c e  
o f  Waspaloy. Resu l t s ,  shown i n  Fig.  10, i n d i c a t e  t h a t  based on s p e c l f i c  we igh t  
change d a t a  t o  1100 O C ,  c y c l i c  o x i d a t i o n  r e s i s t a n c e  i s  e s s e n t i a l l y  lndependent  
o f  c o b a l t  c o n t e n t .  
A f u r t h e r  s tudy  o f  t h e  reduced c o b a l t  compos i t ion  Waspaloy a l l o y s  was con- 
ducted a t  Purdue U n i v e r s i t y  by Durako (1981) .  Th i s  i n v e s t i g a t i o n  focused on 
t h e  m i c r o s t r u c t u r e  o f  t h e  a l l o y s  and on m e t a l l o g r a p h i c  s t u d i e s  o f  e x t r a c t e d  yl  
and c a r b i d e  p r e c i p i t a t e s .  The e f f e c t  o f  removing c o b a l t  I n  Waspaloy on mechan- 
i c a l  p r o p e r t i e s  was a t t r i b u t e d  by Durako t o  be due i n  p a r t  t o :  t h e  decrease i n  
volume p e r c e n t  y '  I n  agreement w i t h  Maurer (1982) ;  t o  t h e  r e d u c t i o n  i n  y-y'  
mismatch, hence i n c r e a s l n g  d i s l o c a t i o n  m o b i l i t y ;  and t o  an i n d i r e c t  i n c r e a s e  i n  
t h e  m a t r i x  s t a c k i n g  f a u l t  energy r e s u l t i n g  f r o m  m a t r i x  chromium d e p l e t i o n  
caused by t h e  f o r m a t i o n  o f  massive M C chromium-r ich ca rb ides .  Both 
Durako and Maurer suggested t h a t  a l l o y  m o d i f i c a t i o n s  m lgh t  a l l o w  t h e  r e d u c t l o n  
o r  removal o f  c o b a l t  f rom Waspaloy. 
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E f f e c t s  o f  rsmovlng c o b a l t  i n  Wroiight Ub:rnet-:OO a l l o y  were e x t e n s i v e l y  
s t u d i e d  as p a r t  o f  a c o o p e r a t i v e  program i n v o l v i n g  Spec ia l  Meta ls  Corpo ra t i on ,  
Columbia and Purdue U n i v e r s i t i e s ,  and NASA Lewis Research Center .  F a b r l -  
c a b i l i t y  has been i n v e s t i g a t e d  by Jackman and Maurer and Sczeren le  and Maurer 
(1982) ,  S p e c i a l  Me ta l s  Corpo ra t i on  and mechanica l  p r o p e r t i e s  and m e t a l l u r g i c a l  
p r o p e r t i e s  by J a r r e t t  and T ien,  (1982), Columbia U n i v e r s i t y .  F a b r i c a b i l i t y ,  
based on G leeb le  and h l g h  s t r a i n  r a t e  t e n s i l e  t e s t s  cor respond lng  t o  r o l l l n g  
tempera tures  i n  t h e  1000 t o  1100 O C  range show no c o b a l t  e f f e c t  on t h e  h i g h  
tempera ture  d u c t i l i t i e s .  Of p a r t i c u l a r  I n t e r e s t  I s  t h e  work o f  J a r r e t t  and 
11 
T l e n  (1982)  on the  e f f e c t  of t h e  d i s k  ( p a r t i a l  y l  s o l u t l o n l n g )  and b l a d e  
(comple te  yl s o l u t i o n i n g )  hea t  t rea tmen ts  on s t r e s s  r u p t u r e  and c reep 
p r o p e r t i e s .  Rupture l i f e  as a f u n c t i o n  o f  c o b a l t  con ten t  I s  shown I n  F i g .  11 
f o r  t h e  two h e a t  t r e a t e d  Udlmet-700 c o n d i t i o n s .  The d i s k  heat  t rea tmen t  
r e s u l t e d  i n  a r e d u c t i o n  i n  r u p t u r e  l i f e  be low 9% Co. I n  t h e  b lade  hea t  
t r e a t e d  c o n d i t i o n ,  specimens e x h i b j t e d  an i n c r e a s e  I n  r u p t u r e  l i f e  w i t h  
dec reas ing  c o b a l t  c o n t e n t  a t  t h e  lower  s t r e s s  l e v e l  and w e r e  i n s e n s i t i v e  t o  
c o b a l t  c o n t e n t  a t  a h i g h e r  s t r e s s  l e v e l .  Creep r a t e s ,  as expected,  showed 
s i m i l a r  t rends  w i t h  c o b a l t  c o n t e n t  and heat  t rea tmen t  as p resented  I n  F i g .  12. 
The r e s u l t s  o f  J a r r e t t  and T l e n  (1982) a r e  summarized as f o l l o w s :  
( 1 )  Room temperature t e n s i l e  y i e l d  s t r e n g t h  and t e n s i l e  s t r e n g t h  w e r e  
o n l y  s l i g h t l y  decreased i n  t h e  d i s k  a l l o y s  and b a s i c a l l y  u n a f f e c t e d  I n  t h e  
b l a d i n g  a l l o y s  as c o b a l t  was removed. 
( 2 )  Creep and s t r e s s  r u p t u r e  r e s l s t a n c e  ( a t  760 "C) were found t o  be 
u n a f f e c t e d  by c o b a l t  l e v e l  i n  t h e  b lade  a l l o y s  and decreased s h a r p l y  o n l y  when 
t h e  c o b a l t  l e v e l  was reduced below about  e i g h t  v o l  % i n  t h e  d i s k  a l l o y s .  
( 3 )  M i c r o s t r u c t u r e  was found t o  be ve ry  heat  t rea tmen t  s e n s i t i v e .  A f t e r  
t h e  f i n e  g r a i n ,  d i s k  heat  t rea tmen t ,  f i n e  s t r e n g t h e n i n g  y '  p r e c i p i t a t e s  f r a c -  
t i o n  decreased as - c o b a l t  was removed because o f  a cor respond ing  I n c r e a s e  i n  
und isso lved  y l  f r a c t i o n .  No such change occu r red  a f t e r  t h e  h i g h e r  tempera- 
t u r e ,  coarse g r a i n  h e a t  t rea tmen t  d u r i n g  which a l l  yl p a r t i c l e s  were 
i n i t i a l l y  d i s s o l v e d .  
( 4 )  C o b a l t  was observed ( t h r o u g h  STEM/EDS) t o  p a r t i t i o n  m o s t l y  t o  t h e  
y m a t r i x  phase. 
(5) C o b a l t  a l s o  changed t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  v a r i o u s  c a r b i d e s ,  
and d e s t a b i l i z e d  r a t h e r  than  s t a b i l i z e d  t h e  a l l o y  w i t h  r e s p e c t  t o  sigma phase 
f o r m a t i o n  a f t e r  long- t ime ag ing .  I t  d i d  n o t  s i g n i f i c a n t l y  a l t e r  y '  coarsen-  
I n g  k i n e t i c s .  
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(6) Correlation of the detailed microstructural and microchemistry 
information wlth yield strength and creep rate formulisms specially developed 
for particle strengthened systems showed that the slight decrease In yield 
strength was due to y l  fraction and APB energy considerations. The signi- 
ficant drop in creep and stress rupture resistance In the low cobalt and 
cobalt-free disk alloys I s  due to a change in the fine y l  volume fraction 
and i s  relatlvely unaffected by matrix composition and stacklng fault energy 
factors. 
Harf (1985) of NASA Lewis conducted a parallel program on hot Isostatic 
pressed (HIP) powder metallurgy (PM) Udimet-700. Ini 
the previous results of Jarrett et al., (1982) on the 
material. Harf (1986) then focussed on modifying the 
improve the creep-rupture properties of the zero coba 
l a 1  results confirmed 
cast plus wrought ( C W )  
disk heat treatment to 
t alloy. In the origlnal 
concept of comparlng the properties of Udimet-700 type alloys with decreased 
cobalt levels, the comparison was made wlth mlnimum o f  change In heat treat- 
ment between the various compositions. A major compromise In the disc type 
heat treatments had been to adjust the partial solutionlng temperature to main- 
tain a nearly constant temperature difference from the y '  solvus, in partic 
ular in the HIP-PM alloys. However, since the y l  solvus increased with 
decreasing cobalt content, this meant that the thermal gap between the partla 
solutioning temperature and the subsequent aglng temperatures (which were the 
same for all cobalt contents) increased with decreasing cobalt content. Harf 
(1986) modified the aging temperatures to keep the thermal gap for the zero 
cobalt alloy similar t o  that used for the 17% Co Udimet-700 alloy. His 
results showed that this technique was successful in improving the rupture life 
and creep resistance of the 0% Co alloy at 650 " C .  He attributed thls 
improvement to the microstructure which contalned an increased quantity of  
ultra-fine, 20 nm, y '  particles as shown In Flg. 1 3  where the standard heat 
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t r ea tmen t  ( F i g .  l 3 ( a ) )  has fewer p a r t i c l e s  than  f o r  t h e  m o d i f i e d  heat  t r e a t -  
ment ( F i g .  13( b ) ) .  I n  t h e  CW a l l o y ,  s u b s t a n t i a l  improvements I n  c reep- rup tu re  
p r o p e r t i e s  a l s o  were observed a t  760 " C  as a r e s u l t  o f  a s i m i l a r  m o d i f i c a t i o n  
i n  heat  t rea tmen t  f o r  t h e  0% C o  a l l o y .  
B a r r e t t  (1982) has a l s o  i n v e s t i g a t e d  t h e  c y c l i c  O x i d a t i o n  r e s i s t a n c e  o f  
t h e  low/no c o b a l t  Udimet-700 a l l o y s .  Resu l t s  o f  t h i s  s tudy  a r e  shown i n  
F i g .  14. A t  1100 " C ,  removing c o b a l t  f r o m  Udimet-700 improved t h e  c y c l i c  
o x i d a t i o n  r e s i s t a n c e  based on s p e c i f i c  we igh t  change da ta .  H o t  c o r r o s i o n  
r e s i s t a n c e  o f  the low/no c o b a l t  Udlment-700 a l l o y s  was a l s o  i n v e s t i g a t e d .  
Resu l t s  by Deadrnore (1984) f rom t e s t s  u s i n g  NaC1-doped f lames I n  a Mach 0 .3  
burner  r i g  i n d i c a t e  t h a t  c o r r o s i o n  r e s i s t a n c e  increases  w i t h  decreas ing  c o b a l t  
c o n t e n t .  Photographs o f  exposed specimens a r e  shown i n  F i g .  1 5  where t h e  
improved c o r r o s i o n  r e s i s t a n c e  f o r  t h e  lower  c o b a l t  c o n c e n t r a t i o n s  i s  e v i d e n t .  
I n  c o n t r a s t ,  Zaplatynsky (1985)  found t h a t  t h e  a l l o y s  w i t h  an a l u m i n l d e  c o a t i n g  
e x h i b i t e d  improved o x i d a t i o n  r e s i s t a n c e  w l t h  i n c r e a s i n g  c o b a l t  con ten t  based on 
a we igh t  l o s s  c r i t e r i a  d u r i n g  t e s t i n g  I n  t h e  Mach 0.3 bu rne r  r i g .  L e i s  e t  a l .  
(1983) ,  o f  t h e  Ba t te l l e -Co lumb ia  L a b o r a t o r i e s  i n v e s t i g a t e d  t h e  c reep f a t i g u e  
behav io r  o f  l o w  c o b a l t  PM and CW Udimet-700 a l l o y s  and saw no c o r r e l a t i o n  
between f a t i g u e  r e s i s t a n c e  and c o b a l t  c o n t e n t .  I t  i s  conc luded t h a t  an a l l o y  
based on Udiment-700 i n  which a l l  t h e  c o b a l t  has been s u b s t i t u t e d  f o r  by n i c k e l  
i s  a v i a b l e  s u p e r a l l o y  f o r  use i n  t u r b i n e  a p p l i c a t i o n s .  Th is  s ta tement  a p p l i e s  
t o  b o t h  t h e  c a s t  p l u s  wrought and t h e  hot-isostatically-pressed p r e - a l l o y e d  
powder processed a l l o y .  J a r r e t t  e t  a l . ,  (1982)  had p r e v i o u s l y  r e p o r t e d  t h a t  
t h e  a l l o y ,  when g i ven  a d i f f e r e n t  heat  t rea tmen t ,  m igh t  a l s o  q u a l i f y  f o r  use i n  
s a l l o y  be cons idered f o r  f u t u r e  use 
c a t i o n s .  
t u r b l n e  b lades .  I t  I s  suggested 
i n  aerospace and land-based t u r b  
t h a t  t h  
ne app l  
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2.  Coba l t  and Tantalum i n  Mar-M 247 . Mar-M 247 i s  an advanced n i c k e l  
base s u p e r a l l o y  used i n  p o l y c r y s t a l l i n e ,  d i r e c t i o n a l l y  s o l i d i f i e d  ( D S ) ,  and 
s i n g l e  c r y s t a l  form.  
E f f e c t s  o f  removing c o b a l t  f r o m  MAR-M 247 have been i n v e s t i g a t e d  as p a r t  
o f  a c o o p e r a t i v e  program i n v o l v i n g  TRW, Teledyne CAE,  Case Western Reserve 
U n i v e r s i t y ,  and NASA Lewis. The p o t e n t i a l  i n d u s t r i a l  a p p l i c a t i o n  was r e l a t e d  
4 
t o  an i n t e g r a l  c a s t  r o t o r ,  t h e r e f o r e ,  c a s t i n g  mold and p o u r i n g  temperatures 
were s e l e c t e d  by Teledyne CAE t o  s imu la te  b lade  and hub c o n d i t i o n s .  Ma jor  
f i n d i n g s  by McLaughl in  (1981) ,  Teledyne and K o r t o v i c h  (1981) .  TRW a r e  sum- 
mar ized i n  F ig .  16. A p a r a l l e l  in -depth  s tudy  on c o b a l t  e f f e c t s  on Mar-M 427 
mechanica l  p r o p e r t i e s  was under taken by Na tha l  (1981) .  T h i s  s tudy  exp lo red  t h e  
mechanisms a s s o c i a t e d  w i t h  t h e  e f f e c t s  o f  c o b a l t  on mechanica l  p r o p e r t i e s  o f  
p o l y c r y s t a l l i n e  m a t e r i a l s .  Na tha l  p o s t u l a t e d  t h a t  r e d u c t i o n  i n  y '  we igh t  
f r a c t i o n  and c a r b i d e  f o r m a t i o n  as a g r a i n  boundary f i l m  were r e s p o n s i b l e  f o r  
t h e  d e l e t e r i o u s  e f f e c t s  on c reep- rup tu re  p r o p e r t i e s .  I t  was proposed t h a t  
reduc ing  t h e  carbon l e v e l  i n  t h e  5% c o b a l t  a l l o y  may r e s u l t  i n  an a l l o y  w i t h  
p r o p e r t i e s  comparable t o  Mar-M 247, bu t  w i t h  t h e  c o n s e r v a t i o n  o f  50% o f  t h e  
c o b a l t  n o r m a l l y  used I n  t h i s  a l l o y .  Nathal  a l s o  showed t h a t ,  based on we igh t  
change da ta ,  removing c o b a l t  f rom Mar-M 247 improves t h e  c y c l l c  o x i d a t i o n  
r e s i s t a n c e  o f  t h i s  a l l o y  a t  1100 "C. S i m i l a r  t o  Udimet-700 t e s t  r e s u l t s ,  h o t  
c o r r o s i o n  t e s t i n g  o f  a l l o y s  based on Mar -M 247 chemis t ry  revea led  t h a t  
reduc ing  c o b a l t  a l s o  improved c o r r o s i o n  r e s l s t a n c e ,  Deadmore (1984) .  
Na tha l  e t  a l . ,  (1982)  has f u r t h e r  shown t h a t  i n  s i n g l e  c r y s t a l  form, 
removing c o b a l t  f rom Mar-M 247 appears t o  i nc rease  r u p t u r e  l i f e  and decrease 
c reep r a t e - - t r e n d s  t h a t  a r e  o p p o s i t e  t o  those observed f o r  t h e  p o l y c r y s t a l l i n e  
* 
Mar-M 'IS a t rademark o f  M a r t i n  M a r i e t t a  Company. 
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material. The single crystal findings by Nathal supported previous results 
reported by Strangman et al., (1980) where 0% cobalt levels ln single crystal 
alloys had longer rupture lives than the 10% cobalt Mar-M 247 slngle 
crystals. However, a 5% cobalt level was required for alloy stability wlth 
respect to formation o f  the p phase. 
Nathal and Ebert (1985) studied the influence of composition on the 
tensile and creep strength of [OOl] oriented nlckel-base superalloy single 
crystals at temperatures near 1000 " C .  Cobalt, tantalum, and tungsten concen- 
trations were varied according to a matrlx of composltlons based on the single 
crystal version o f  Mar-M 247. For alloys with the baseline refractory metal 
level of 3 ut YO Ta and 10 wt % W ,  decreaslng the Co level from 10 to 0 wt % 
resulted in increased tensile and creep strength. Substltutlon of 2 wt % W for 
3 wt % Ta resulted in decreased creep life at high stresses, but improved life 
at low stresses. Substitution of Ni for Ta caused large reductions in tensile 
strength and creep resistance, and corresponding increases in ductility. For 
these alloys with low Ta plus W totals, strength was independent o f  Co level. 
Flgures 1 7  and 18 show the yleld stress and creep-rupture propertles of the 
reduced cobalt and tantalum alloys. The results of their extenslve studles on 
microstructure and mechanical properties are summarized in the following 
paragraphs. 
Removal of Ta and W from the baseline 3Ta-1OW alloys to form the OTa-9W 
alloys caused large reductions in y l  solvus temperature and y l  volume frac- 
tion. Substitution of W for Ta to form the Ola-12W alloys resulted in inter- 
mediate reductions In solvus temperature and volume fraction. The amount of 
y '  was Independent of Co level, although the y l  solvus temperature increased 
slgnlficantly as Co content was reduced from 10 to 0%. The partltioning o f  
elements between the y and y l  phases did not vary appreciably as the alloy 
1 6  
compos i t ion  v a r i e d .  Tanta lum and T i  p a r t i t i o n e d  a lmost  t o t a l l y  t o  y ' ;  A1 and 
W p a r t i t i o n e d  p r e f e r e n t i a l l y  t o  y ' ;  and Co, Cr, and Mo p a r t i t i o n e d  p r e f e r e n -  
t i a l l y  t o  y. 
The y '  l a t t i c e  parameter  was independent o f  Co c o n t e n t  b u t  i nc reased  as 
t h e  t o t a l  r e f r a c t o r y  meta l  l e v e l  Increased.  A t  t h e  0% Co l e v e l ,  t h e  3Ta-1OW 
a l l o y  e x h i b i t e d  a room tempera ture  l a t t i c e  mismatch d = -0.0037, and t h e  
OTa-12W a l l o y  e x h i b i t e d  d = -0.002. The OTa-9W a l l o y s  and a l l  a l l o y s  w i t h  
5 and 10% Co possessed mismatch values below t h e  d e t e c t i o n  l i m i t .  
For t h e  a l l o y s  w i t h  y '  t h a t  remained coherent  d u r i n g  ag ing ,  t h e  
uns t ressed y '  coarsen ing  r a t e  inc reased as Co l e v e l  was reduced f r o m  10 t o  0%. 
The a l l o y s  w i t h  h i g h  l a t t i c e  mismatch possessed y '  t h a t  became semi-coherent 
d u r i n g  a g i n g  and e x h i b i t e d  anomalously l ow  coarsen ing  r a t e s .  
Or ien ted  y '  coarsen ing  wh ich  r e s u l t e d  i n  l a m e l l a e  p e r p e n d i c u l a r  t o  
a p p l i e d  s t r e s s  was ve ry  p rominent  d u r i n g  creep.  A l l o y s  w i t h  h i g h e r  magni 
o f  l a t t i c e  mismatch e x h i b i t e d  f a s t e r  d i r e c t i o n a l  coarsen ing  r a t e s  and a f 
spac ing  o f  m i s f i t  d i s l o c a t i o n s  a t  t h e  y-y'  i n t e r f a c e s .  
S u b s t i t u t i o n  o f  N i  f o r  Co caused l a r g e  inc reases  I n  c reep r e s i s t a n c e  
t h e  
udes 
ne r 
f o r  
a l l o y s  w i t h  h i g h  Ta p l u s  W t o t a l s .  T h i s  was c o n s i s t e n t  w i t h  an i n c r e a s e  i n  
y-y'  l a t t i c e  mismatch. H igh  va lues  o f  l a t t i c e  mismatch r e s u l t e d  i n  a f i n e r  
d i s l o c a t i o n  network a t  t h e  y-y'  i n t e r f a c e ,  thus  p r o v i d i n g  a more e f f e c t i v e  
b a r r i e r  f o r  d i s l o c a t i o n  mot ion .  S u b s t i t u t i o n  o f  N i  f o r  Ta and W t o  fo rm t h e  
OTa-9W a l l o y s  caused l a r g e  r e d u c t i o n s  I n  creep r e s i s t a n c e ,  which were r e l a t e d  
t o  t h e  decreases I n  y '  volume f r a c t i o n ,  y-y'  mismatch, and s o l i d  s o l u t i o n  
harden ing .  S u b s t i t u t i o n  o f  W f o r  Ta t o  f o r m  t h e  OTa-12W a l l o y s  r e s u l t e d  I n  a 
decrease i n  c reep r e s i s t a n c e  a t  h i g h  s t resses  and an i n c r e a s e  i n  c reep s t r e n g t h  
a t  low s t r e s s e s .  T h i s  c rossover  i n  creep r e s i s t a n c e  between t h e  3Ta-1OW and 
OTa-12W a l l o y s  was n o t  e a s i l y  exp la ined.  The decreased c reep l i f e  o f  t h e  
OTa-12 Wal loys a t  h i g h  s t resses  was a t t r i b u t e d  t o  t h e  s l i g h t  decreases i n  
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y '  volume fraction and y-y'  mismatch, although it remains unclear as to why 
W appears to be a more effective solid solution strengthener than Ta at low 
stresses. 
Decreases in Co level from 10 to 0% caused significant increases In the 
1000 "C yield and ultimate tensile strengths of the 3Ta-1OW alloys, but the 
effect o f  Co was much less for alloys with other refractory metal contents. 
The influence of Co on the strength of the 3Ta-1OW alloys was attributed to 
coherency strain hardening associated with the increased lattice mismatch as 
Co level decreased. Reduction of Ta and W content to form the OTa-9W alloys 
caused large reductions in tensile strength, and substitution of W for Ta 
caused intermediate decreases in strength. These changes in tensile strength 
with refractory metal level were related to the increases in y '  volume 
fractlon and solld solution hardening which resulted from high Ta plus W 
totals. 
3 .  Tantalum in B-1900tHf. B-1900tHf represents a high strength nickel 
base superalloy used in turbine blade applications. Kortovich (1982) con- 
ducted some independent studies of the role of tantalum on mechanical proper- 
ties and microstructure of B-1900tHf. His results indicated that tensile 
strength decreased with decreasing tantalum content upon testing at room 
temperature and at 760 "C. Stress rupture testing at 760 "C/650 Mpa indicated 
that the rupture life increased with decreasing tantalum content while at 
980 "C/200 Mpa rupture exhibited a maximum at a 50% reduction in the normal 
tantalum content. TRW stress-rupture results and tensile results at 760 "C are 
shown In Fig. 19. 
Janowski (1985) studied the microstructure of B-1900tHf alloys tested by 
Kortovich. Figure 20 shows the y-y '  partitioning ratios for the various 
tantalum levels. The partitioning ratios of CO, Cr, and Ni are constant with 
Ta variations, consistent with Mar-M 247 results. In additjon, the 
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p a r t i t i o n i n g  r a t i o s  f o r  A l ,  Mo, and T I  a r e  a l s o  independent  o f  Ta c o n t e n t .  
However, t h e  H f  and Ta p a r t i t i o n i n g  r a t i o s  a r e  ve ry  s e n s i t i v e  t o  Ta c o n t e n t ;  
t h e  p a r t i t i o n i n g  r a t i o s  of  H f  and Ta decrease and increase,  r e s p e c t i v e l y ,  as 
Ta i s  removed f r o m  t h e  a l l o y .  The change i n  t h e  H f  d i s t r i b u t i o n  was pos tu -  
l a t e d  t o  be a consequence o f  more Hf  becoming a v a i l a b l e  t o  t h e  m a t r i x  phases 
as a r e s u l t  o f  Ta r e p l a c i n g  p a r t  o f  the H f  con ta ined  i n  t h e  MC c a r b i d e s .  
4 .  N iob ium i n  I n c o n e l  718. Incone l  718 i s  used f o r  d i s k s  i n  gas t u r b i n e  
engines and on a pound b a s i s ,  i s  t h e  most f r e q u e n t l y  used s u p e r a l l o y .  Z l e g l e r  
and Wal lace  (1985)  exp lo red  a s e r i e s  o f  I n c o n e l  718 a l l o y s  w i t h  reduced n iob ium 
con ten ts .  A l l o y s  had Nb con ten ts  o f  5.1 ( I n c o n e l  718 compos i t i on ) ,  3.0, and 
1.1 w t  %. S u b s t i t u t i o n s  o f  3.0% W ,  3.0% W+O.9% V ,  and Mo f r o m  3 t o  5.8% 
were I n v e s t i g a t e d .  Two a d d i t i o n a l  a l l o y s ,  one c o n t a i n i n g  3.49% Nb p l u s  
1.10% T i  and a second c o n t a i n i n g  3.89% Nb and 1.27% li a l s o  were s t u d i e d .  
A d d i t i o n s  o f  s o l i d  s o l u t i o n  elements t o  a reduced Nb a l l o y  had no s i g n i f i c a n t  
e f f e c t  on t h e  p r o p e r t i e s  o f  t h e  a l l o y s  under e i t h e r  process c o n d l t l o n .  The 
s o l u t i o n  and aged a l l o y s  w i t h  s u b s t i t u t i o n s  o f  1.27% T i  a t  3.89% Nb had 
t e n s i l e  p r o p e r t i e s  s i m i l a r  t o  those  o f  t h e  o r i g i n a l  a l l o y  and s t r e s s - r u p t u r e  
p r o p e r t i e s  s u p e r i o r  t o  t h e  o r i g i n a l  a l l o y .  The improved s t r e s s - r u p t u r e  p roper -  
t i e s  were t h e  r e s u l t  o f  s l g n i f i c a n t  p r e c i p i t a t i o n  o f  N i 3 T i - y '  i n  t h e  a l l o y ,  
which I s  more s t a b l e  than y"  a t  t h e  e leva ted  temperatures.  A t  lower  tempera- 
t u r e s  t h i s  m o d i f i e d  a l l o y  b e n e f i t s  f r o m  t h e  y "  s t reng then ing .  Much more 
i n f o r m a t i o n  i s  needed t o  f u l l y  c h a r a c t e r i z e  t h e  m o d i f i e d  a l l o y ,  b u t  these 
i n i t i a l  r e s u l t s  suggest  t h a t  w i t h  more p r e c i s e  c o n t r o l  and p roper  p rocess ing ,  
t h e  reduced Nb d i r e c t - a g e  a l l o y  c o u l d  s u b s t i t u t e  f o r  I n c o n e l  718 i n  h igh -  
s t r e n g t h  a p p l i c a t i o n s .  
8 .  Advanced Process ing 
Advanced p r o c e s s i n g - - t a i l o r e d  f a b r i c a t i o n  and dua l  a l l o y  concepts were 
i n i t i a l l y  p lanned f o r  t h e  COSAM Program. Because o f  f und ing  l i m i t a t i o n s  and 
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t h e  focus  on s u b s t i t u t i o n ,  ve ry  l i t t l e  work was under taken i n  t h i s  a rea  as a 
p a r t  o f  t h e  COSAM Program. However, i n d u s t r y  has independent ly  i n v e s t i g a t e d  
dua l  a l l o y  concepts t o  improve p r o p e r t l e s .  
A t u r b i n e  d i sk  i s  a good cand ida te  f o r  t h e  dua l  a l l o y  concept  because o f  
i t s  we igh t  and i t s  o p e r a t i n g  c h a r a c t e r i s t i c s .  The r l m  o f  a d i s k  opera tes  a t  
h i g h e r  temperatures and r e q u i r e s  a n i c k e l - b a s e  s u p e r a l l o y  f o r  c reep r e s i s t a n c e .  
However, t h e  hub o f  a d i s k  opera tes  a t  lower  temperatures where f a t i g u e  r e s i s t -  
ance i s  o f  impor tance and thus  an i ron -base  s u p e r a l l o y  w i t h  lower  s t r a t e g i c  
meta l  con ten t  may s u f f i c e .  The key t o  t h i s  dua l  a l l o y  concept  i s  t h e  i n t e r f a c e  
between two a l l o y s  o f  w i d e l y  d i f f e r e n t  compos i t ions .  Har f  (1985)  has s t u d l e d  
t h e  i n t e r f a c e  p r o p e r t i e s  o f  A l l o y  901 comblned w i t h  t h r e e  n l c k e l - b a s e  super-  
a l loys- -Rene 95,  A s t r o l o y ,  and M E R 1  76. H i s  p r e l i m i n a r y  r e s u l t s  showed t h a t  
t h e  a l l o y s  c o u l d  be j o i n e d  by t h e  H I P - P M  process and fo rm a s t r o n g ,  i n t e g r a l  
bond. S t r e s s  r u p t u r e  p r o p e r t i e s  o f  t h e  a l l o y  combinat ions w i t h  heat  t r e a t -  
ments f o r  each o f  t h e  a l l o y s  a r e  shown i n  F i g .  21. F a i l u r e  was always I n  
A l l o y  901 i n d i c a t i n g  t h e  s u p e r l o r  s t r e n g t h  o f  t h e  bond and t h e  r u p t u r e  l i v e s  
were always equal  t o  o r  g r e a t e r  t han  t h a t  f o r  A l l o y  901. These r e s u l t s  i m p l y  
t h a t  a dua l  a l l o y  concept  i s  v i a b l e  f o r  enhancing t h e  l o c a l  p r o p e r t i e s  o f  gas- 
t u r b i n e  components and o f  conse rv ing  c o s t l y  s t r a t e g l c  m a t e r l a l s .  
C .  A l t e r n a t e  M a t e r i a l s  
The t h i r d  m a j o r  COSAM Program t h r u s t ,  A l t e r n a t e  M a t e r l a l s ,  has t h e  po ten-  
t i a l  o f  making a major  c o n t r i b u t i o n  t o  t h e  c o n s e r v a t i o n  of t h e  f o u r  s t r a t e g i c  
elements s t u d i e d  I n  t h i s  program, i n c l u d i n g  chromium which i s  c r i t l c a l  t o  
c u r r e n t l y  used supera l l oys  because o f  t h e  o x i d a t i o n / c o r r o s l o n  r e s i s t a n c e  i t  
p r o v i d e s .  M a t e r i a l s  i n v e s t i g a t e d  i n  t h i s  phase o f  t h e  program a r e  d e s c r i b e d  i n  
t h e  f o l l o w i n g  paragraphs. 
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1. I n t e r m e t a l l i c  compounds. Thls  aspec t  o f  t h e  COSAM Program focused on 
t h e  equ ia tomic  i r o n  and n i c k e l  a lurnlnldes ( ) .e . ,  FeAl and NIA1) as p o t e n t i a l  
a l t e r n a t i v e s  t o  n i c k e l  base supera l l oys .  Coba l t  a l u m i n i d e  i s  be ing  c a r r l e d  
a l o n g  f o r  compara t ive  purposes s ince  It has unusual  mechanica l  p r o p e r t i e s  and 
phase e q u i l i b r i a .  Th i s  program emphasized a bas i c  research  approach toward 
unders tand ing  t h e  de fo rma t ion  mechanisms t h a t  c o n t r o l  h l g h  tempera ture  c reep as 
w e l l  as those t h a t  c o n t r o l  t h e  l a c k  o f  room tempera ture  d u c t i l i t y .  By neces- 
s i t y ,  t h e  program i s  a long- term,  h i g h - r i s k  e f f o r t ,  b u t  o f f e r s  t h e  p o t e n t i a l  o f  
a h i g h  p a y o f f  i f  m a t e r l a l s  evo lve  which p e r m l t  conse rv ing  a l l  f o u r  c u r r e n t l y  
i d e n t i f i e d  s t r a t e g i c  metals--Co, Ta, Nb, and Cr. The research  program on t h e  
a lum ln ides  was conducted in-house a t  NASA Lewis Research Center and a t  
Dartmouth Co l l ege ,  S t a n f o r d  U n i v e r s i t y ,  Texas A&M U n i v e r s l t y ,  and Case 
Western Reserve U n i v e r s i t y ,  Stephens (1984).  These b i n a r y  a lum in ides  have t h e  
advantages o f  (1 )  they  e x i s t  over  a wlde range o f  compos i t ions  and have a l a r g e  
s o l u b i l i t y  f o r  s u b s t i t u t l o n a l  t h l r d  element a d d i t i o n s ;  ( 2 )  have a cub ic  c r y s t a l  
s t r u c t u r e ;  ( 3 )  have ve ry  h l g h  m e l t i n g  p o i n t s  (excep t  f o r  FeAl which has a some- 
what lower  m e l t i n g  p o i n t ) ;  ( 4 )  c o n t a i n  Inexpens ive ,  r e a d i l y  a v a l l a b l e  e lements;  
and ( 5 )  possess p o t e n t l a l  f o r  s e l f  p r o t e c t i o n  i n  o x i d l z l n g  env i ronments.  T h e i r  
c h i e f  d i sadvan tage  i s  t h e  l a c k  o f  room tempera ture  d u c t i l l t y .  
Some o f  t h e  h l g h l l g h t s  on FeAl,  Gaydosh and Natha l  (1986) and Mant ravad l  
e t  a l . ,  (1986) ,  a r e  shown I n  F i g s .  22 and 23. F i g .  22 shows t h a t  t h e  room tern-- 
p e r a t u r e  t e n s i l e  e l o n g a t i o n  o f  Fe-40A1 i s  about  1 o r  2%. W i th  t h e  a d d i t i o n  
o f  Z r  and B 5 t o  6% e l o n g a t l o n  was achieved. The f r a c t u r e  f o r  a l l o y s  w i t h o u t  
B was i n t e r g r a n u l a r  w h i l e  a l l o y s  c o n t a i n i n g  B e x h i b i t e d  t r a n s g r a n u l a r  f r a c t u r e .  
The c reep s t r e n g t h  o f  t h e  Fe-40A1 - 0.1 Zr - 0.41 B a l l o y  i s  compared w i t h  
s e v e r a l  commercial  I r o n - n i c k e l  base supera l loys  i n  F i g .  23. Resu l t s  i n d i c a t e  
t h a t  t h i s  a l l o y  has p romis ing  p r o p e r t l e s  a t  e l e v a t e d  temperature.  
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Schulson (1984) described the effects of grain size on the tensile ductil- 
ity of NlAl (ref. 30). His work is based on the models of Cottrell (1958) and 
Petch (1958) which state that the stress required to nucleate microcracks in 
coarse-grained materials is more than enough to propagate them. In contrast, 
for fine-grained materials the stress requlred to nucleate cracks i s  less than 
that required to propagate them. In the first case, coarse-gralned materials 
will fail in a brittle manner while fine-grained materlal must undergo perma- 
nent deformation and work hardening prior to failure. The conclusion is there- 
fore, that a critical grain size should exist for plastic flow. This does 
indeed appear to be the case for Ni-49 A1 at 295 "C as illustrated by the 
results shown in Fig. 24 where the critical grain size is -20pm. At lower 
temperatures the critical grain size becomes even smaller. 
Vedula et al., (1984) have shown that Ta rich precipitates in a Ni-48 at 
% A1-2 at % Ta alloy can produce an increase in creep strength of nearly 
two orders of magnitude over the simple equiatomlc binary NiA1. Dislocations 
interacting with the precipitates during creep testing are shown in Fig. 25. 
This alloy is comparable to some nickel-base superalloys at 1025 OC. 
2.  Iron-base alloys. With the successful development of high strength 
nlckel-base superalloys (and to some extent cobalt-base superalloys) over the 
last 30 years, there has been little recent interest in developing iron-base 
alloys for the hlgher temperature gas turbine engine components. However, with 
the threat of strategic material supply disruptions or interruptions, iron-base 
alloys with low strategic metal contents are attractive as alternative mate- 
rials for U.S. industrial consideration. A program was inltlated to investi- 
gate iron-base superalloys with aligned carbides for further strengthening as 
potential alternatives to current high strategic element content nickel and 
cobalt base superalloys. 
Connecticut, United Technologies Research Center (UTRC), and NASA Lewis. The 
This was a joint program involving the University o f  
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p o t e n t i a l  o f  t hese  iron-chromium-manganese aluminum t y p e  a l l o y s  i s  i l l u s t r a t e d  
I n  F i g .  26 where r u p t u r e  l i v e s  determined by Lemkey and B a i l e y  a r e  compared 
w i t h  o t h e r  i r o n ,  n i c k e l ,  and c o b a l t  base a l l o y s .  
3. Composites. A t h i r d  a rea  o f  a l t e r n a t e  m a t e r i a l s  techno logy  conducted 
in-house a t  NASA Lewis was aimed a t  de te rm in ing  t h e  p o t e n t i a l  o f  s i l i c o n  
c a r b i d e  r e i n f o r c e d  low  s t r a t e g i c  element con ten t  I ron-base m a t r i x  composi tes.  
Th is  program, by Petrasek (1986) .  focused on unders tand ing  m a t r l x / f i b e r  i n t e r -  
f a c e  c o m p a t i b i l i t y  i n  t h e  760 t o  900 " C  s e r v i c e  range f o r  t u r b i n e  engine com- 
ponents.  Th is  concept  o f f e r s  t h e  p o t e n t i a l  o f  n o t  o n l y  conserv ing  s t r a t e g i c  
m a t e r i a l s ,  b u t  a l s o  o f  e i t h e r  reduc ing  component we igh t  due t o  t h e  p o t e n t i a l  
s t r e n g t h  o f  t h e  f i b e r s  and t h e i r  h i g h  volume f r a c t i o n  o r  o f  m a i n t a i n i n g  we igh t  
and ex tend lng  s e r v i c e  l i f e .  The r e s u l t s  o f  t h i s  program can be summarized as 
f o l l o w s :  ( 1 )  A l ow  tempera ture  f a b r i c a t i o n  process,  h o l l o w  cathode s p u t t e r i n g ,  
can be s u c c e s s f u l l y  u t i l i z e d  t o  produce s i n g l e  f i l a m e n t  composites f rom B4C-B 
and S I C  f i l a m e n t s  and I ron-base m a t r i x  a l l o y s  w h i l e  r e t a i n i n g  h i g h  f r a c t i o n s  o f  
t h e  f i l a m e n t  s t r e n g t h .  No ev idence o f  f i l a m e n t h a t r i x  r e a c t i o n  was observed 
due t o  p rocess ing .  
r e i n f o r c e d  i r o n  base a l l o y s  have s t r e s s - r u p t u r e  s t r e n g t h s  a t  870 " C  t h a t  a r e  
s u p e r i o r  t o  t h o s e - o f  t h e  s t r o n g e s t  supera l l oys .  The 1000 h r  r u p t u r e  s t r e n g t h  
p r o j e c t e d  f o r  a 50 v o l  % B C-B f i l a m e n t  r e i n f o r c e d  i r o n  base a l l o y  com- 
p o s i t e  a t  870 " C  i s  4 5 5  MPa which represents  a 30% i n c r e a s e  i n  s t r e n g t h  
compared t o  s i n g l e  c r y s t a l  CMSX-2. Much more impress i ve  however I s  t h a t  t h e  
50 v o l  16 f i b e r  c o n t e n t  B4C-B i r o n  base a l l o y  composite i s  p r o j e c t e d  t o  have 
a 1000 h r  r u p t u r e  s t r e n g t h  t o  d e n s i t y  r a t i o  a t  870 " C  t w i c e  t h a t  o f  CMSX-2 as 
shown i n  F i g .  27 .  
i r on -base  a l l o y  composites f o r  use a t  i n t e r m e d i a t e  temperatures appears 
p r o m i s i n g  i f  s i m i l a r  p rocess ing  techno log ies  can be developed f o r  m u l t i - p l y  
composi tes.  The success fu l  accomplishment f o r  deve lop ing  t h i s  techno logy  f o r  
( 2 )  S i n g l e  f i b e r  composites o f  B4C-B and S i c  f i l a m e n t  
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( 3 )  The p o t e n t i a l  f o r  B4C-B and S I C  f i l a m e n t  r e i n f o r c e d  
23 
t u r b i n e  components would reduce t u r b i n e  b lade  w e i g h t .  A 40% we igh t  r e d u c t i o n  
c o u l d  be ob ta ined  I n  a composi te  b lade  us ing  t h i s  m a t e r i a l  w h i l e  a l s o  i n c r e a s -  
i n g  b lade  l i f e .  I n  a d d i t i o n ,  f o r  a 50 v o l  % f i b e r  c o n t e n t ,  a s i g n i f i c a n t  
sav ings I n  s t r a t e g i c  m a t e r i a l s  can be ach ieved compared t o  n i c k e l - b a s e  
s u p e r a l l o y s .  
V I .  CONCLUDING REMARKS 
The COSAM Program began i n  1980 and con t inued  th rough 1983. Because o f  
t h e  drop  i n  c o s t  o f  c o b a l t ,  n iob ium,  and t a n t a l u m  and t h e  immediate t h r e a t  o f  a 
s t r a t e g i c  m a t e r i a l s  shor tage be ing  s i g n i f i c a n t l y  lessened,  f u n d i n g  f o r  t h e  
program was te rm lna ted  i n  1984. However, research  i n i t i a t e d  under t h e  COSAM 
Program cont lnues  today,  be ing  funded under o t h e r  N A S A  programs because o f  t h e  
t e c h n i c a l  promise shown by t h e  m a t e r i a l s  t h a t  evo lved f rom t h e  COSAM Program. 
l h i s  i s  e s p e c l a l l y  t r u e  o f  t h e  a l t e r n a t e  m a t e r i a l s .  
Comparing the r e s u l t s  t h a t  were achieved i n  t h e  s h o r t  t i m e  t h a t  t h e  COSAM 
Program e x i s t e d  w i th  t h e  i n i t i a l  o b j e c t i v e s  s t a t e d  i n  t h e  f i r s t  paragraph I n  
S e c t i o n  V ,  we f i n d  t h a t  a s i g n i f i c a n t  " techno logy  bank" was e s t a b l l s h e d  i n  t h e  
area  o f  a s u b s t l t u t l o n  f o r  s t r a t e g i c  m a t e r i a l s  i n  n l c k e l - b a s e  s u p e r a l l o y s .  
Th is  i s  e s p e c i a l l y  t r u e  f o r  c o b a l t  where our  knowledge o f  t h e  p h y s i c a l  me ta l -  
l u r g y  o f  lower  and zero  c o b a l t  a l l o y s  was c h a r a c t e r i z e d  i n  terms o f  composl- 
t i o n ,  m i c r o s t r u c t u r e ,  heat  t r e a t i n g ,  and thermomechanical p rocess ing .  Mechan- 
i c a l  and env i ronmenta l  p r o p e r t i e s  were desc r ibed  i n  d e t a i l .  A s i m i l a r  argument 
f o r  t an ta lum s u b s t l t u t l o n  a l s o  can be made w h i l e  n lob lum s u b s t i t u t i o n  was much 
l e s s  c l e a r l y  de f i ned .  T r a n s f e r  o f  t h i s  techno logy  t o  f l i g h t  hardware must 
overcome s l g n i f l c a n t  b a r r i e r s  as d iscussed by Stephens and T l e n  (1983) and 
i l l u s t r a t e d  i n  F ig .  28. A commitment of  b o t h  t i m e  and money I s  r e q u i r e d  t o  
overcome these b a r r i e r s  as i l l u s t r a t e d  i n  F i g .  29. Exper ience I n  t h e  a i r c r a f t  
eng ine  i n d u s t r y  has shown t h a t  10  y r  w i t h  a m in ima l  e x p e n d l t u r e  o f  
$1 m i l l i o n / y r  i s  n o t  uncommon. S ince  t h e  t h r e a t  o f  a strategic m a t e r i a l s  
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shor tage i s  c u r r e n t l y  n o t  a t h r e a t  t o  a i r c r a f t  engine producers ,  such a commit- 
ment w i l l  i n  a l l  p r o b a b i l i t y  n o t  be four thcoming t o  move one o r  more o f  t h e  
lower  s t r a t e g i c  me ta l  c o n t e n t  a l l o y s  i n t o  f l i g h t  o p e r a t i o n .  
S ince  t h e  COSAM Program was n o t  c a r r i e d  t o  f r u i t i o n  we cannot  make t h e  
c l a i m  t h a t  a reduced dependence on d i s r u p t i v e  f o r e i g n  sources was ach ieved.  
However, i n  f u t u r e  supp ly  o r  c o s t  d i s r u p t i o n s  t h e  " o n - t h e - s h e l f "  knowledge 
gained f r o m  t h e  COSAM Program may c o n t r i b u t e  t o  reduc ing  t h e  impact  o f  such 
d i s r u p t i o n s .  
The t h i r d  o b j e c t i v e  o f  reduc ing  cos ts  as w e l l  as o p t i m i z i n g  performance 
o f  a i r c r a f t  engines may w e l l  be r e a l i z e d  i n  f u t u r e  advanced a i r c r a f t  where 
l i g h t w e i g h t  tempera ture  m a t e r i a l s  a r e  o f  utmost impor tance.  The c o n t i n u i n g  
a l t e r n a t e  m a t e r i a l s  research  on t h e  a lumin ides  and meta l  m a t r i x  and m o r e  
r e c e n t l y  i n t e r m e t a l l i c  m a t r i x  compos t e s  may w e l l  l e a d  t o  improved engines f o r  
such v e h i c l e s  as hyperson ic  a i r c r a f t  Because o f  t h e  t e c h n i c a l  requ i rements  o f  
such a i r c r a f t ,  t hese  low  o r  no s t r a t e g i c  meta l  con ten t  m a t e r i a l s  w i t h  p o t e n t i a l  
f o r  meet ing  these  needs, may overcome t h e  t r a n s f e r  b a r r i e r s  f r o m  research  t o  
f l i g h t  hardware i f  t h e i r  advantages can be r e a l i z e d  and t h e i r  d isadvantages  
overcome. I n  a d d i t i o n ,  research  on the i ron-base a l l o y s  has been spun-o f f  t o  
p o t e n t i a l  t e r r e s t r - i a l  a p p l i c a t i o n s  f o r  t h e  hea te r  head o f  exper imen ta l  
au tomot ive  S t i r l i n g  engines, Stephens and T i t r a n  (1985) .  
25 
REFERENCES 
B a r r e t t ,  C . A .  (1982),  In "COSAM ( C o n s e r v a t i o n  o f  S t r a t e g i c  Aerospace 
M a t e r i a l s )  Program Overv iew, "  pp. 89-94, NASA TM-83006. 
B r o b s t ,  D .A .  and Walden, P.P.  ( 1973) .  U n i t e d  S t a t e s  M i n e r a l  Resources, U.S. 
G e o l o g i c a l  Survey, P r o f e s s l o n a l  Paper 820. 
C o t t r e l l ,  A.H.  (1958) Trans .  A I M E ,  212, 192-203 
Deadmore, D.L. (1984) ,  NASA TP-2338 
Durako, W.J., J r .  (1981) ,  In " S e n i o r  P r o j e c t  Reviews," Purdue U n i v e r s i t y ,  West 
L a f  aye t t e.  
Gaydosh, D.J. and N a t h a l ,  M . V .  ( 1986) .  NASA TM-87290. 
H a r f ,  F . H .  ( 1985) ,  M e t a l l .  T rans .  A, 16, pp. 993-1003. 
H a r f ,  F.H.  ( 1985) ,  NASA TM-86987. 
H a r f ,  F.H.  (1986) .  J .  Mater .  S c i .  2 l ,  2497-2508. 
Janowski, G.M. (1985) ,  NASA CR-174847. 
J a r r e t t ,  R.N.  and T ien ,  J.K. (1982) ,  M e t a l l .  T rans .  A, 13, pp. 1021-1032. 
K o r t o v l c h ,  C.S. (1981) ,  Presented  a t  C o b a l t  S u b s t i t u t i o n  Workshop, NASA Lewis 
Research Center ,  C leve land .  
K o r t o v l c h ,  C.S. (1982),  "COSAM ( C o n s e r v a t i o n  o f  S t r a t e g i c  Aerospace 
M a t e r l a l s )  Program Review," pp. 125-131, NASA TM-83006. 
L e i s ,  B.N., Rungta, R., and Hopper, A.T. ,  (1983) ,  NASA CR-168260. 
Man t ravad i ,  N . ,  Vedula, K . ,  Gaydosh, D.J. ,  and T i t r a n ,  R.H. ,  ( 1986) ,  
NASA TM787293. 
Maurer,  G . E . ,  Jackman, L.A., and Domingoe, J.A. (1980) ,  & " S u p e r a l l o y s  1980," 
( J .  Tien ,  ed . )  pp. 43-52. American S o c i e t y  f o r  M e t a l s ,  M e t a l s  Park,  
OH. 
McLaughl in,  J .  (1981) ,  Presented  a t  C o b a l t  S u b s t l t u t l o n  Workshop, NASA Lewis 
Research Center ,  C leve land .  
" M l n e r a l  Commodity Summaries 1986," (1986) Bureau o f  Mines, P l t t s b u r g h .  
N a t h a l ,  M . V .  (1981),  NASA CR-165384. 
N a t h a l ,  M . V . ,  Ma ier ,  R . D . ,  and E b e r t ,  L.J. (1982) ,  M e t a l l .  T rans .  A, 13, 
1767-1 774.  
N a t h a l ,  M.V. ,  Ma ier ,  R . D . ,  and E b e r t ,  L.J., (1982) ,  M e t a l l .  T rans . ,  A, 13, 
1775-1783. 
26 
N a t h a l ,  M . V .  and E b e r t ,  L.J.  (1985) ,  M e t a l l .  T rans .  A ,  l6, 1849-1862. 
N a t h a l ,  M . V .  and E b e r t ,  L.J. (1985) ,  M e t a l l .  T rans .  A,  l 6 ,  1863-1870. 
Petch, N.J. (1958)  P h i l .  Mag., 3, 1089-1097. 
Pet rasek ,  D.W. (1986)  NASA TM-87223. 
Schulson, E.M. (1984)  & "High-Temperature Ordered I n t e r m e t a l l i c  A l l o y s , "  
( C . C .  Koch, C.T. L i u  and N.S.  S t o l o f f ,  eds . )  pp.  193-204, E l s e v l e r ,  
New York .  
Scze ren ie ,  F .E.  and Maurer, G.E. (1982),  "COSAM ( C o n s e r v a t i o n  o f  S t r a t e g i c  
Aerospace M a t e r i a l s )  Program Overvlew," pp. 21-35, NASA TM-83006. 
Sims, C.T. (1972) ,  "The Supera l l oys , "  (C. S i m s  and W.  Hagel ,  eds . ) ,  
pp. 145-174, W i l e y  I n t e r s c i e n c e ,  New York. 
S t a l k e r ,  K.W.,  C l a r k ,  C . C . ,  Ford,  J.A., Richmond, F . M . ,  and Stephens, J.R. 
(1984) ,  Met.  Progr . ,  126 (10) 55-65. 
Stephens, J.R. (1981) ,  & "Proceedings, U . S .  Department o f  Commerce P u b l i c  
Workshop on C r i t i c a l  M a t e r i a l s  Needs I n  t h e  Aerospace I n d u s t r y , "  
NBSIR81-2305, pp. T20-11 t o  T20-33, U . S .  Dept.  o f  Commerce, 
Washington, D . C .  
Stephens, J.R. (1981) ,  NASA TM-82662. 
Stephens, J.R. (1982) ,  NASA TM-82852. 
Stephens, J.R. and T i e n ,  J.K. (1983) ,  NASA TM-83395. 
Stephens, J.R. (1984)  In nHigh-Temperature Ordered I n t e r m e t a l l i c  A l l o y s , "  
( C . C .  Koch, C.T. L i u  and N.S. S t o l o f f ,  eds . )  pp. 381-396, E l s e v i e r ,  
New York.  
Stephens, J.R., D r e s h f i e l d ,  R.L., and Na tha l ,  M . V . ,  (1984) ,  In " R e f r a c t o r y  
A l l o y i n g  Elements i n  Superal loys, ' '  (J.K. T i e n  and S. Relchman, eds.)  
pp.  31-42, American S o c i e t y  f o r  Me ta l s ,  Me ta l s  Park,  OH. 
Stephens, J.R. and T i t r a n ,  R.H. (1985) ,  " M a t e r i a l s  f o r  F u t u r e  Energy 
Systems," pp. 317-328, American S o c i e t y  f o r  Me ta l s ,  Me ta l s  Park,  OH. 
Strangman, J.E., Hoppin, G.S. 111, Phlpps, C.M.,  H a r r i s ,  K., and Schwer, R .E . ,  
(1980) ,  In " S u p e r a l l o y s  1980," (J .K .  T ien ,  S.T. Wlodek, 
H. Morrow 111, M. G e l l ,  and G.E. Maurer,  eds . ) ,  pp.  215-224, 
American S o c i e t y  f o r  Me ta l s ,  Me ta l s  Park, OH. 
Vedula, K. ,  Pa thare ,  V . ,  A s l a n i d l s ,  I . ,  and T i t r a n ,  R.H. (1984)  
"High-Temperature Ordered I n t e r m e t a l l i c  A l l o y s , "  ( C . C .  Koch, 
C.T. L i u  and N.S. S t o l o f f ,  e d s . )  pp. 411-422, E l s e v i e r ,  New York .  
Zap ls t ynsky ,  I. (1985) .  NASA TM-87173. 
Z l e g l e r ,  K.R.  and Wal lace ,  J.F. (1985) ,  NASA C l i - 1 ' 7 W l l .  
27 
Rdnklng ~n Econom: 
TABLE I .  - STRATEGIC METALS INDEX ANALYSIS FOR PEACETIME AND WARTIME ECONOMIES 
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TABLE 11. - WORLD AND UNITED STATES RESERVES AND UNITED STATES RESOURCES 
OF 18 METALS I N  1980 
A u s t r a l  i a  
USA 
USSR 
Z irnbabwe 
Meta’ 
3400 
122X1O3 
u n l i m i t e d  
1 8 9 ~ 1 0 ~  
Re 
Au 
P t  
Ta 
Ag 
W 
co  
Nb 
Mo 
V 
N i  
T i  
c u  
% 
C r  
Mn 
A1 
Fe 
A u s t r a l i a  
B r a z i  1 
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70x105 
6 0 ~ 1 0 ~  
World, 
10 t o n  3 
3.5 
42 
50 
67 
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1 0  850 
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5 800 000 
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Z a i r e  
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USSR 
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C h i l e  
USSR 
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N i g e r i a  
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C h i l e  
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Canada 
5 
9 
3 
1 .7  
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2 9 4 ~ 1 0 ~  
1 4 9 ~ 1 0 ~  
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TABLE 111. - WORLD PRODUCTION I N  1980 
Metal  
Re 
P t  
Ta 
Au 
Nb 
Ag 
co  
V 
W 
T i  
Mo 
Mg 
N i  
c u  
C r  
A1 
Mn 
Fe 
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l o 3  t o n  
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TABLE I V .  - UNITED STATES PRODUCTION AND CONSUMPTION I N  1980 
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TABLE V. - REFRACTORY METAL CONTENT OF SELECTED NICKEL-BASE 
SUPERALLOYS AND YEAR OF AVAILABILITY 
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TABLE V I .  - COMPOSITIONS OF SELECTED Fe-, N i - ,  AND Co-EASE SUPERALLOYS 
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P la t i num group 
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Figure 1. - 1985 estimated ne t  import re l iance of selected nonfue l  minera l  materials 
as a percent of apparent consumption, where  Net import  re l iance = Imports - 
Exports + Adjustments for  Government and indus t r y  stock changes. 
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Figure 2. - C u r r e n t  gas tu rb ine  engines depend o n  strategic metals 
fo r  several major components. 
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Figure 3. - increased use of refractory metals in nickel-base superalloys. 
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F igure  4. - Cobalt content of typical superalloys. 
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Figure  5. - Recent t rends  in U. S. and aerospace cobalt usage. 
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F igure  6. - Conservation of strategic aerospace materials. 
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F i g u r e  8. - Effect of cobal t  c o n t e n t  in Maspaloy o n  r u p t u r e  
l i f e  a n d  t e n s i l e  s t r e n g t h .  F igu  r e  7. - Cooperative NASA-i n d u s t  ry -  u n i v e  r s i t y  p rogra  Ins. 
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F i g u r e  9. - Effects of r e m o v i n g  cobalt f r o m  Waspaloy. 
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Figure 11. - Stress rup tu re  l i fe  of Udirnent 700 a t  760 OC versus cobalt content, 
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Figure 12. - Creep rates at  760 OC as a func t i on  Of Cobalt Content. 
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Figure 13. - Transmission electron micrographs comparing ul t raf ine particles in Udimet 700 type alloys wi th 0 percent cobalt content. 
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Figure 14. - Effect of cobalt o n  cyc l i c  oxidation resistance of 
Udi rn et-700. 
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Figure 15. - Effect of cobalt on hot corrosion. 
YIELD STRENGTH 
ULTIMATE TENSILE STRENGTH 
TENSILE DUCTILITY 
STRESS RUPTURE L IFE 
OXIDATION RESISTANCE 
THERMAL SHOCK 
FRACTURE MODE - TENSILE 
- STRESS RUPTURE 
RESULT -
BLADE 
SLIGHT DECREASE 
DECREASE 
DECREASE 
DECREASE 
NO CHANGE 
NO CHANGE 
FROM TRANSCOLONY 
FROM TRANSCOLONY 
HUB 
SLIGHT DECREASE 
DECREASE 
SLIGHT DECREASE 
DECREASE 
NO CHANGE 
NO CHANGE 
TO INTERCOLONY 
TO INTERCOLONY 
Figure 16. - Effects of removing cobalt f rom MAR-M 247 blade and hub .  
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Figure 17. - The 0.2 percent yield stress at  1000 OC fo r  single 
c rys ta l  alloys. 
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Figure 18. - Rupture  l ives of s ingle crystal  alloys a t  loo0 OC 
and 148 MPa. 
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Figure 19, - Effect of tantalum o n  76OoC mechanical properties of 
B-1900tHf. 
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Figure 20. -Gamma primelgamma phase elemental part-  
i t i on ing  rat ios for  the B-1900 + Hf-type alloys as a fUnC- 
t ion  of Ta content. 
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Figure 22. - Duct i l i ty  of Fe-40AI alloys. 
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Figure 21. - Stress to r u p t u r e  superal loy mixtures in 100 hr 
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Figure 23. - Creep strength of Fe-40AI- 
0.1Zr-0.418 alloy compared to com- 
mercial  i ron-n icke l  base superalloys. 
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Figure 24. - Effect of gra in  size, d on tens i le  elongation, yield strength, 
LJ, and f rac tu re  strength, 9 of NiAl at 400 OC. 
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Figure 25. - Transmission electron micrograph of NiAl-Z-at% Ta specimen deformed i n  hot compression at 1300 K to about 7% strain. 
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Figure 26. - Stress-rupture potential of Fe-20Cr- 
10Mn-3.. 2C alloy. 
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Figure 27. - Stress rupture to density ratio for uncoated and 
coated filaments compared to CMSX - 2 at 870 OC (1600 OF). 
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